The zwitterionic bridging vinyliminium complex [Fe 2 {µ-η
Introduction
Synthetic strategies based on transition-metal mediated assembly of simple molecular units are assuming a fundamental role for the construction of molecular architectures. In particular, metal mediated cycloadditions involving alkynes are emerging as powerful synthetic tool in the formation of C-C and C-heteroatom bonds. Examples are numerous and include the Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) [1] , which well illustrates the synthetic concepts developed by Sharpless for a rapid and "near perfect" assembly of molecules [1c] and provides a wealth of applications [2] . Other relevant examples are given by cycloaddition of vinylalkylidene ligands (α,β-unsaturated carbenes) with alkynes, which have generated a number of synthetic protocols for the construction of cyclic molecules and heterocycles [4] , including the classic Dotz benzannulation [5] . Our interest in this field has concerned the assembly of alkynes with bridging ligands in diiron complexes; thus we have shown that bridging vinylalkylidenes, as well as related µ-vinyliminium ligands, can be involved in cycloaddition reactions [6] . An example, shown in Scheme 1, illustrates the [3+2] cycloaddition of the µ-vinylalkylidene complex 1 with PhC≡CPh, leading to the formation of a cyclopentadienyl ligand and affording a ferrocene product [6a] . A peculiar aspect is that the cyclopentadienyl ligand contains several functionalities, which are those previously present on the parent C 3 and C 2 fragments. Therefore, the reaction, which has a general character, provides access to polyfunctionalized ferrocene complexes that are otherwise difficult to synthesize [7] . It should also be noted that formation of ferrocene products implies the fragmentation of the parent dinuclear complex; in the example shown in Scheme 1 this formally corresponds to the loss of [HFeCO 2 Cp]. 
Scheme 2
In consideration of the versatile and unprecedented nature of these cycloaddition reactions, we decided to extend our investigations to the zwitterionic vinyliminium complexes 5 [9] (Chart 1). Compared to 3, compounds 5 display a dithiocarboxylate group in place of S. Therefore, the negative charge is more delocalized and distant from the iminium group.
Complexes 5 have the potential to react with alkynes and are the subject of the investigation reported herein. The aim was to explore new routes for the assembly of alkynes with bridging fragments in diiron complexes. 
Chart 1
The bridging vinyliminium complexes investigated in this work.
Results and discussion
The zwitterionic vinyliminium complex 5a reacts with an excess of MeO 2 C-C≡C-CO 2 Me affording the bis-alkylidene complex 6 in good yields (Scheme 3). Carbon atoms in the bridging chain, and Fe atoms have been numbered to make clearer the discussion presented hereafter. Complex 6 has been characterized by IR and NMR spectroscopy, elemental analysis and X-ray diffraction. The ORTEP molecular diagram is shown in Figure 1 , whereas relevant bond lengths and angles are reported in though the ligand in 6 can be mainly described as a bridging bis-alkylidene, it also possesses a minor character of vinyliminium.
The C (2) The formation of 6 shows several peculiar features that deserve a more detailed discussion. Two alkyne units are incorporated into the bridging frame, leading to the formation of two C=C bonds (double bond) and two C-S single bonds. Both transformations are unusual. In particular, one alkyne is formally inserted into a C-C bond with consequent bond rearrangement leading to a butadiene. The reaction shows analogies with the enyne metathesis which occurs between alkene and alkynes producing conjugated dienes by π bond reorganization, as shown in Scheme 4 [14] . Enyne metathesis, usually catalyzed by ruthenium carbenes [14b], has rapidly developed into a mild and effective method for the synthesis of conjugated cyclic and acyclic dienes, based on intramolecular rearrangements (ring closing enyne metathesis) [15] and intermolecular reactions (cross enyne metathesis)
[16].
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Scheme 4
The reaction leading to 6 is different from classic enyne metathesis, in that the C 2 -CS 2 interaction involved in the bond rearrangement has predominantly a single bond character (C 2 -CS 2 bond distance in 5b is 1.522 Å) [9] . Thus, the observed formation of a butadienyl group is made possible by a change in the coordination mode of the bridging ligand, which remains connected to the iron atoms through the C 1 and the C 3 carbons, both assuming alkylidene character. Indeed C 1 becomes a terminal alkylidene (Fischer type aminocarbene) and C 3 a bridging alkylidene. The change in the coordination mode leaves C 2 unbound to the metal centres and allows the formation of a C=C double bond (C 2 =C 4 in Scheme 3). A corresponding rearrangement takes place at the thiocarboxylate carbon: incorporation into the five-membered cycle (1,3-dithiolene) allows the formation of a C=C double bond (C 5 =C 6 in Scheme 3) and, thus, of a butadienyl group.
A second interesting point concerning the synthesis of 6 is the cycloaddition of the alkyne with the CS 2 group. In general, this type of reaction is uncommon for dithiocarboxylates, as well as dithiocarbamates and xanthates. Examples are few and include the intramolecular cycloaddition observed in some S-propargyl xanthates, with formation of 1,3-dithiol-2-one species [17] . However, a more accurate survey of the literature revealed one example, reported by Regitz at al. in 1982, which exhibits several interesting analogies with our reaction, and that is shown in Scheme 5 [18] . The imidazolium-dithiocarboxylates III were reported to undergo cycloaddition with acetylenes (notably acetylenedicarboxylates) to form IV. Interestingly, a second alkyne could be subsequently incorporated, affording V in a reaction that resembles the transformations occurring at the bridging frame of our diiron complexes. Also imidazoliumdiselenocarboxylates undergo cycloaddition with acetylenedicarboxylates in a reaction very similar to that shown in Scheme 5 [19] . To the best of our knowledge, these examples 
Scheme 6
In order to gain further evidences we treated 5a with an equimolar amount of MeO 2 C-C≡C-CO 2 Me, instead of using a large excess. The reaction still afforded 6, although in lower yield, and no other product generated by addition of one single molecule of alkyne was detected. Unfortunately, the observed double-addition seems to be limited to the acetylenedicarboxylate, in that other alkynes (e.g. HC≡CTol or HC≡CSiMe 3 ) resulted unreactive under the same reaction conditions. We also found that changes in the substituents on the bridging ligand alter the reaction outcome. The complexes 5b and 5c, which differ from 5a for the nature of one N substituent (aryl in place of methyl) and, in the case of 5b, also for the nature of R' (see Chart 1), react with MeO 2 C-C≡C-CO 2 Me in CH 2 Cl 2 to form the complexes 7a and 7b, respectively (Scheme 7). The most relevant aspect of these reactions is that only one equivalent of alkyne undergoes cycloaddition with the dithiocarboxylate group; a second alkyne unit is not incorporated into the bridging frame. Moreover, the transformation is accompanied by protonation of the thiocarboxylate carbon. The solvents used in the reaction, or in the subsequent workup, presumably act as proton source. Compounds 7a-b have been characterized by spectroscopic methods and elemental analysis.
The spectroscopic properties of 7a and 7b are consistent with those of their parent cationic vinyliminium complexes [9] . NMR data of 7b reveal the presence of minor amounts of a second isomeric form which is due to the possible orientations that the non-equivalent substituents (Me and p-C 6 H 4 OMe) can assume with respect to the C=N bond (Z and E isomers). NMR spectra and NOE investigations indicate that the Z configuration is predominant, which is fully consistent with the isomeric composition observed also in the precursor 5c [9] . Complexes 7a also display non-equivalent substituents a the N atom, but in this case one single isomer is observed, that is the same condition also found in the precursor 5b.
The formation of 7a and 7b further indicates that alkyne cycloaddition is likely the first step in the reaction sequence leading to 6. Cycloaddition should generate an unsaturated and electron rich carbon (the thiocarboxylate carbon) which might react in two possible ways: a) promoting the addition of a second alkyne unit to form the diene derivative 6; b) undergoing protonation to yield the cationic products of type 7. Steric and electronic effects, associated with the nature of the groups that are present in the bridging ligand and on the alkyne molecule, might tune the reactivity of the intermediate species, and determine which path is most favourable. The precise nature of these effects are difficult to explain and predict, due to the limited number of data available so far. Investigations will be further extended and possible results will be matter of future reports.
Conclusion
Zwitterionic bridging vinyliminium ligands, bearing a dithiocarboxylate substituent, undergo addition of two alkyne units via C-C and C-S bond forming reaction that reveals unusual features. In particular, alkyne insertion into a C-C bond results in the formation of a diene. The reaction shows analogies with the alkyne -alkene metathesis (enyne metathesis), except for the fact that the C-C bond of the bridging frame involved in the assembly is a single bond with very little π contribution. The cycloaddition involving the thiocarboxylate group and a second alkyne unit to form a 1,3-dithiolene is also unusual. The overall transformation leads to a considerable growth of the molecular architecture of the bridging frame, which is accompanied and made possible by a change in the bridging coordination mode. Unfortunately, the observed transformations do not display a general character, in that, even small variations of the substituents on both the bridging ligand and the alkyne reagent can be sufficient to give a different outcome. Nevertheless, our results add a further piece of evidence of the potential offered by diiron complexes in sustaining C-C and C-heteroatom bond formation through unprecedented transformations of bridging organic fragments.
Finally, it should be remarked that reactions mediated by iron complexes contribute to the ongoing effort to the design of sustainable bond forming processes based on non toxic, readily available and inexpensive transition metals [21] .
Experimental details
General
Reactions were routinely carried out under a nitrogen atmosphere, using standard Schlenk techniques. Solvents were distilled immediately before use under nitrogen from appropriate drying agents. Chromatography separations were carried out on deactivated alumina (4% w/w water). Glassware was oven-dried before use. Infrared spectra were recorded at 298 K on a Perkin-Elmer Spectrum 2000 FT-IR spectrophotometer and elemental analyses were performed on a ThermoQuest Flash 1112 Series EA Instrument. NMR measurements were recorded at 298 K on Mercury Plus 400 instrument. The chemical shifts for 1 H and 13 C were referenced to internal TMS. The spectra were fully assigned via DEPT experiments and 1 H, 13 C correlation through gs-HSQC and gs-HMBC experiments.
Resonances attributable to minor amounts of isomeric forms are italicized. All the reagents were commercial products (Aldrich) of the highest purity available and used as received.
Complexes 5a-c were prepared as described in the literature [9]. Thermal ellipsoids are at the 30% probability level. A zwitterionic vinyliminium ligand, bridging two iron centres, incorporates two alkyne units:
one is inserted into a C-C bond affording a diene, the second alkyne undergoes cycloaddition with the dithiocarboxylate group affording a 1,3-dithiolene. 
